ABSTRACT
INTRODUCTION
Mycobacterium tuberculosis, the causative agent of tuberculosis, continues to claim more lives than any other single infectious disease, despite the availability of effective chemotherapeutic drugs and the Bacille Calmette Guerin vaccine, primarily due to the emergence of multidrug-resistant strains and a fatal synergy with AIDS (1) . In recent years homologous genetic recombination has been used to construct attenuated mutants of M.tuberculosis that may facilitate the development of an improved or robust vaccine (2, 3) .
In vivo Escherichia coli
RecA protein plays an important role in the processes of recombinational repair, homologous genetic recombination and induction of the SOS response. RecA is a ubiquitous protein with structural and functional homologues present in all organisms ranging from bacteria to humans (4) . All activities of RecA protein require the formation of an active helical nucleoprotein filament resulting from binding of both Mg 2+ -ATP and single-stranded (ss)DNA (5, 6) . The crystal structure of RecA protein from Escherichia coli identified the nucleotide-binding site (7) and showed the formation of a helical filament. The stability and structure of the helical nucleoprotein filament of RecA is influenced by binding and hydrolysis of nucleotide cofactors (4) .
RecA protein from M.tuberculosis is especially interesting since both ATP binding and hydrolysis catalysed by it are considerably less efficient than those by the prototype EcRecA, although it is capable of binding ssDNA and is proficient in homologous pairing and strand exchange (2, 8) . recA -mutant strains of E.coli fail to survive DNA damage inflicted by both physical and chemical mutagens, indicating that RecA protein is crucial for cell survival (4) . Furthermore, MtRecA originates from an inactive precursor that undergoes splicing to generate the active form of RecA protein, a phenomenon unique to pathogenic mycobacteria (9) . Here we report the crystal structures of uncomplexed MtRecA and its complex with ADP-AlF 4 , an ATP analogue.
MATERIALS AND METHODS

Crystallisation and data collection
MtRecA was purified as described (8) . Crystals of MtRecA were grown from a hanging drop of 10 mg/ml protein in 100 mM phosphate-citrate buffer, pH 7.0, containing 100 mM NaCl and 6% PEG 4000 equilibrated against 20% PEG 4000 in the same buffer. The crystals grew to a maximum size of 0.3 × 0.2 × 0.2 mm in 2-3 weeks in space group P6 1 with unit cell dimensions a = b = 108.1 Å, c = 72.8 Å, with one molecule per asymmetric unit. Crystals of the ADP-AlF 4 complex were prepared by soaking native crystals in phosphate-citrate buffer containing 2 mM ADP, 10 mM MgCl 2 , 10 mM NaF and *To whom correspondence should be addressed. Tel: +91 80 3600765; Fax: +91 80 3600683; Email: mv@mbu.iisc.ernet.in 50 mM Al(NO 3 ) 2 , pH 5.6, for 7 days. AlF 4 was prepared using a method as described (10) . In spite of repeated attempts it has not been possible so far to produce good quality crystals of the ADP complex. X-ray diffraction data from apo-MtRecA as well as complex crystals were collected at room temperature using a 30 cm MAR imaging plate mounted on a Rigaku RU200 X-ray generator. Apo-MtRecA and the complex crystals diffracted up to 3 and 3.8 Å, respectively. The data sets were processed using DENZO and SCALEPACK (11) . Data collection statistics are given in Table 1 .
Structure determination and refinement
Structure solution was achieved by molecular replacement using AMoRe (12) . The search model was constructed from EcRecA (2REB) (13, 14) by replacing non-identical residues with alanines and leaving the identical residues unchanged. A unique solution was obtained with this search model, giving an R factor of 38% and a correlation factor of 68%. All manual rebuilding was carried out using FRODO (15) . Structure refinement was carried out using XPLOR (16) , which involved iterations of rigid body refinement, positional refinement, simulated annealing and torsion angle dynamics followed by grouped B factor refinement. To remove the phase bias during refinement, a systematic omit map was computed wherein the asymmetric unit was divided into eight portions, each portion having approximately the same number of atoms and one portion was omitted at a time. The resulting eight maps computed after brief positional refinements were combined to obtain a map of the complete asymmetric unit. The omit map constructed in this manner has the advantage that it provides an image of the entire structure which is formally independent of the input model (17) . At a later stage of refinement this omit map, along with 2F o -F c and F o -F c maps, were calculated for model building into the electron density. The electron density maps, except in the L2 loop region (residues 195-210) and for the 23 residues at the C-terminus of both apo-MtRecA and its complex with the ATP analogue, were good, despite the modest resolution limits (3.0 and 3.8 Å, respectively) to which the crystals diffracted. The C-terminal 23 residues and loop L2 were also found to be disordered in the EcRecA structure, in addition to loop L1 (residues 156-165). The quality of fitting of the model into the electron density was verified with the real space R factor values (18) throughout refinement. Final structure validation was carried out using PROCHECK (19) and WHAT_IF (20) .
The structure of the complex was solved by the difference Fourier method. A F o -F c difference map with F o values of the protein complex and F c values corresponding to the protein atoms of the apoprotein structure permitted an initial unambiguous positioning of the ADP molecule, with some extended density appropriate in size and position for an AlF 4 moiety. Subsequent refinement improved the quality of the map substantially, allowing fitting of the AlF 4 moiety. Particular care was taken to ensure reliability of the precise positioning of the AlF 4 group, in view of the limited resolution of the data. Density corresponding to the AlF 4 group appeared above the 3σ level in the difference Fourier maps, calculated at different stages, as well as in the systematic omit map. The density was always contiguous to that for ADP and this led to a unique positioning of the group compatible with geometrical constraints and the electron density. There was density near the nucleotide, appropriate for positioning Mg 2+ . However, the resolution of the data did not allow a precise location of either the magnesium atom or any water molecules. AlF 4 was presumed to have square planar geometry (21, 22) . The geometric parameters of AlF 4 used in the refinement were obtained from the HICCUP database (23) . The refined coordinates and structure factors have been deposited in the Protein Data Bank (14) . The ID codes are 1G19 for the free protein and 1G18 for the complex.
Since only Cα coordinates were available for the EcRecA-ADP complex, all other protein atoms were generated using the apoEcRecA crystal structure when constructing the models of EcRecA complexes. The resulting models of the ATP and ADP complexes were energy minimised with a 5 Å shell of water molecules around it. All energy minimisations were carried out using DISCOVER interfaced with INSIGHTII (24), with a moderate tethering force of 200 kcal/mol to maintain the overall position of the nucleotide. Meaningful comparison of protein-ligand interaction energies between two structures demands that the two structures are subjected to similar optimisation protocols. Therefore, the MtRecA-ADP and MtRecA-ATP models based on the crystal structure of the MtRecA-ADP-AlF 4 complex were also soaked in a 5 Å layer of water molecules and minimised using an identical protocol (steepest descent minimisation followed by conjugate gradient minimisation with a gradual introduction of cross-terms or morse potential terms). Interaction energies were computed with the same dielectric and non-bonded cut-off parameters and included both van der Waal's and electrostatic contributions. Shape complementarity coefficients were computed using the Lawrence and Colman method (25) where a coefficient of 1 on a scale of 0-1 indicates ideal compatibility between two surfaces. Surface areas were computed using the Connolly algorithm as implemented in INSIGHTII (24) . The difference between the sum of surface areas of the protein and the ligand individually and the surface area of the corresponding complex was considered as the buried surface area upon ligand binding.
RESULTS AND DISCUSSION
Overall features
The overall structure of MtRecA is very similar to that of EcRecA, consistent with the high sequence identity of 62% over the entire 352 amino acid polypeptide chain ( Fig. 1A and B). The structure consists of three distinct domains: a 30 residue N-terminal domain (N) (residues 1-30; residue numbers correspond to the EcRecA sequence throughout the text to avoid confusion so that for any residue n in the EcRecA sequence, n + 1 will give the corresponding number in the MtRecA sequence and structure) consisting of a long α-helix followed by an extended region; the major central domain (M) (residues 31-269), involving the P-loop containing the nucleotide triphosphate hydrolase fold (26) , which is made up of an 8-stranded twisted β-sheet flanked by α-helices; a 59 residue C-terminal domain (C) (residues 270-328), consisting of three helices and three β-strands which protrude away from the M domain. Two loops implicated in DNA binding (4), L1 and L2, comprising residues 156-165 and 195-210, respectively, are situated in the M domain. Superposition of all Cα atoms of the MtRecA and EcRecA structures (Fig. 1C ) gave a root mean square (RMS) deviation of 1.1 Å, whereas superposition of the domains individually gave RMS deviations of 0.6, 0.9 and 1.0 Å for the N, M and C domains, respectively, suggesting that the orientation of the three domains with respect to one another differed in the two structures. The angles subtended by the centroids of the domains at the links in MtRecA were 99.4°and 140°for the NM and MC domains, respectively, as compared to 102°and 138.7°in the EcRecA structure. The minor change in the mutual orientation of the N and M domains is caused by additional hydrogen bonds between them as well as changes in the nature or conformation of the side chains. More specifically, residue 33, an arginine in EcRecA, has its side chain pointing towards the side chain of Lys23 NZ, necessitating a minimal distance between the two, on account of repulsion between the two positive charges and steric hindrance between the side chains. The replacement of Arg33 by Ala in MtRecA allows the two to come closer together, by removing electrostatic repulsion and steric hindrance in the interface ( Fig. 2A ). This in turn permits the formation of a hydrogen bond between Leu29 O and Lys256 NZ as well as between Gly30 O and Glu32 N. Furthermore, Leu14 in EcRecA is replaced by Val in MtRecA. The smaller side chain of the latter permits the side chain of Arg28 NH2 to move into a position appropriate for formation of a hydrogen bond with the side chain of Glu7 OE1 ( Fig. 2A) . The orientation between the M and C domains has changed to a smaller extent, which can be explained in terms of changes in sequence such as Met35→Gln, Lys324→Arg and Ser273→Glu, leading to loss of hydrogen bonds Arg324 NH2…Asp48 OD2 and Ser46 N…Glu273 OE2 and formation of the hydrogen bond Gln35 NE2…Leu328 O.
A significant shift is observed in the peptide segment 33-38 in MtRecA from its position in EcRecA. The sequence of this segment in MtRecA is entirely different from that in EcRecA and that probably accounts for the observed shift. This segment is situated spatially in such a way as to directly influence the orientation of both the N and C domains and, when positioned as in MtRecA, contributes to orienting the C domain slightly away from the M domain. This segment in EcRecA participates directly in bundle formation (see below). A shift in the position of Gln35 in MtRecA from the position of Met35 in EcRecA, illustrated in Figure 2A , leads to a structural change resembling a single amino acid insertion, shifting the alignment frame by one residue. This shift is subsequently compensated by a gradual shift in residues 37-39 so that residues 39 in the two structures again overlap well (EcRecA 1-33, 35-38, 39-328 ≡ MtRecA 1-33, 34-37, 39-328).
The active form of MtRecA (38 kDa) is generated after removal of an intein region by splicing of a RecA precursor protein (85 kDa). Active MtRecA, comprising 352 amino acid residues, is homologous to RecA protein from other organisms over its entire length. The splice site, residues 253 and 254, lies in a loop in the M domain, superposing well with the corresponding region in EcRecA. The sequence in regions immediately before and after the splice site seems well conserved, except for the presence of a characteristic Cys251 (27) in MtRecA. This residue, however, does not interact with any other residue in the crystal structure of MtRecA.
Filaments and bundles
Molecules of MtRecA in the crystal structure pack around the 6 1 axis to form a filament, with a pitch of 72.7 Å, corresponding to the c cell dimension. This is substantially shorter than the pitch of 82.7 Å observed in EcRecA crystals. However, since both EcRecA and MtRecA have been shown to form filamentous structures despite considerable differences in crystallisation conditions, formation of filaments of this type appears to be an inherent property of RecA-like proteins. The residues involved in filament formation are in the N-terminal domain as well as in the 114-135 stretch of the M domain. The subunit interface is extensive, involving ∼20 hydrogen bonds. These hydrogen bonds contribute substantially to stabilisation of the filament. Most strikingly, the N-terminal helix (residues 3-24) of one molecule is in contact with the 122-135 helix of the adjacent molecule in the filament, as are the extended segments 25-28 of the first molecule and 114-118 of the second molecule. As illustrated in Figure 2B , such a juxtaposition leads to a supersecondary structural feature spanning adjacent molecules in the filament. Residues 25-28, although not part of any β-sheet in the single molecule, has backbone dihedrals (Φ/Ψ) typical of a β-strand and also makes a hydrogen bond with strand 114-118 of the second molecule upon filament formation. This interface therefore involves formation of a hybrid β-sheet (Fig. 2B) . This phenomenon has been observed previously in several other protein structures and has been recognised to be important in oligomer stabilisation (28) . It is interesting that all the residues which are involved in intra-polymer hydrogen bonds in EcRecA, such as Glu97, His98, Glu155, Lys214, Lys217, Tyr219, Asn250 and Lys251, are the same in MtRecA, making equivalent interactions and, in fact, forming a significant part of the totally conserved residues in ∼60 bacterial RecA protein sequences (29) .
Electron microscopic data showed that EcRecA molecules form different types of filaments under different conditions (6) .
The filament formed in the presence of ssDNA and a nucleotide cofactor has a pitch of ∼95 Å and is known to be the active filament (5, 6) . Filaments formed in the absence of one or both substrates, considered to be inactive, varied in pitch in the range 72-82 Å. The crystal structure reported here, as well as that of EcRecA (13), clearly shows a pitch matching that of inactive filaments. Therefore, the protein part of the active filament was modelled by generating symmetry-related molecules from a given single molecule, assuming a hypothetical cell with a and b cell dimensions similar to those of the MtRecA crystals, but with a c cell dimension of 95 Å (mt95). The same procedure was repeated for EcRecA (ec95). The resulting filaments ec95 and mt95 are indeed very similar to each other (Fig. 3) . Interactions between the subunits, although reduced by a few hydrogen bonds in both ec95 and mt95, retain the same overall features, such as generation of the continuous supersecondary structure and a salt bridge between residues 6 and 139, suggesting that the modelled filaments are structurally feasible. Biochemical as well as electron microscopic studies have indicated that the active and inactive filaments are not interconvertible and must disassemble to reassemble in the presence of ssDNA and a nucleotide cofactor (6, 30, 31) . However, the modelling experiment suggests that RecA is capable of aggregating into an active filament without any major change within the individual molecules. The buried surface area, shape complementarity and total number of hydrogen bonds formed upon filament formation in the two crystal structures and in the models are given in Table 2 . They have comparable values in EcRecA and MtRecA filaments. The values are lower in both ec95 and mt95. Perhaps, interactions with ssDNA will compensate for this reduction in modelled active filaments and stabilise them in the active conformation.
The filaments thus formed further associate into bundles in the crystal structure, which are similar to those that occur naturally, as shown by EM studies (5). It has been suggested (13) that RecA molecules are normally stored in the form of bundles and upon induction of the SOS response dissociate from the bundles and subsequently form fresh active nucleoprotein filaments that take part in recombinational repair. In MtRecA, however, the bundles appear much weaker than in EcRecA, as indicated by a reduction in the number of hydrogen bonds, shape complementarity and interacting surface area (Fig. 4 and Table 2 ). Residues involved in bundle formation are 16-19 and 23 in the N-terminal domain, the 32-38 loop and 295-297 and 308-314 in the C-terminal domain. Unlike the interface of two molecules involved in filament formation, several residues on the bundle interface have different side chains in EcRecA and MtRecA. Sequence comparison of MtRecA with EcRecA shows the introduction of at least four negatively charged residues in MtRecA. These four residues are distributed on or in the proximity of the surface of the C-terminal domain. When the molecules aggregate into filaments these charges cluster on one side of the filament, creating an essentially negatively charged patch (Fig. 3) which can significantly reduce its interaction with neighbouring filaments, thus reducing the stability of MtRecA bundles.
Nucleotide binding and hydrolysis
The crystal structure of MtRecA complexed with ADP and AlF 4 revealed that each molecule of MtRecA binds one molecule of the ATP analogue in the P-loop region, as in the structure of the EcRecA-ADP complex (7). AlF 4 has been used before to mimic the γ-phosphate group of a nucleotide triphosphate in protein crystals (32) . The difference electron density map between the complex and the apo-MtRecA structures (Fig. 5A ) permitted unambiguous positioning of the nucleotide molecule. The position of the nucleotide base differs slightly from that in the EcRecA-ADP complex, as does the conformation of ADP. However, the anti conformation of the adenine base with respect to the sugar is maintained. A change in the torsion angle involving c4′, c5′, o5′ and p1 (33) results in a shift of the β-phosphate by ∼1 Å from its position in the EcRecA-ADP complex. The nucleotide-binding site can be roughly divided into three regions comprising the phosphate-binding region (P), residues interacting with the base (B) and residues involved in sugar binding (S) (8) . The P region consists of residues corresponding to the Walker A motif (66-72) (34) and the Walker B motif (144), as well as two other residues (96 and 194) which are implicated in catalysis. The B region is made up of residues 100-103 and the S region consists of loop 262-265 and residues 227 and 240. (Fig. 5 and Table 3 ). Residues in the (24) . The interface between the filaments involved in bundle formation is boxed and is shown in detail in (B). The corresponding interface in EcRecA is also shown for comparison in (C). In both (B) and (C) the interacting molecule of the first filament is shown in green and that of the second in yellow. Hydrogen bonds are indicated by broken lines. This figure was prepared using MOLSCRIPT and Raster3D.
P, B and S regions are substantially conserved in all known RecA proteins. In spite of that, the P-loop region has deviated significantly in MtRecA from its position in EcRecA, with a maximum deviation of nearly 2.0 Å in the C α positions. These deviations result in widening of the nucleotide-binding pocket and thereby lead to a reduction in the binding affinity for the nucleotide cofactor.
In order to compare the two structures, energy minimised models of both the EcRecA and MtRecA complexes with ADP and ATP were constructed, using the corresponding crystal structures, as described in Materials and Methods. Surface areas buried upon ligand binding (35) , shape complementarity between the protein and the ligand (25) and interaction energies in the structures are given in Table 4 . It is clear from both the interaction energies as well as the shape complementarity values that EcRecA can bind both ADP and ATP with much higher affinity than MtRecA. This is entirely consistent with the biochemical data reported earlier (8) . The buried non-polar surface areas also show the same trend, although the differences in the values of this parameter between the two structures are rather small.
Previously we had reported a homology model of MtRecA (8) based on the crystal structure of EcRecA (13) . It is gratifying that the differences between EcRecA and MtRecA indicated by the model are generally consistent with the MtRecA crystal structure. Of particular interest is the movement in the P-loop region, resulting in widening of the nucleotide cleft. The crystal structure confirms that the residues in the P-loop have rearranged themselves in MtRecA. Residues 67-69, although not part of the consensus of the Walker A motif, make substantial contacts with the α-and β-phosphates as well as with AlF 4 . Residues in this region have been subjected to extensive mutagenesis studies (36) . The Glu68 OE1 and Ser69 OG side chains are hydrogen bonded to each other in EcRecA but have moved away in MtRecA, although the sequence in the entire region is conserved. This interaction, seen in EcRecA, appears to be important in maintaining the particular conformation of the P-loop, which is consistent with the observation that even conservative substitutions at residue 68 result in a reduction in binding affinity (36) . Our earlier modelling studies in fact predicted that in the widened P-loop this interaction would not be possible. Tyr264, located on another loop close to the ribose of the nucleotide, has been shown by mutagenesis and crosslinking studies to be important for nucleotide binding (37) . However, in the MtRecA structure this residue is too far from the nucleotide to make any hydrogen bond.
Incidentally, a phosphate group is observed in the apo-MtRecA structure. Interestingly, the position of this phosphate group coincides with the β-phosphate in the EcRecA-ADP structure, although it is closer to the AlF 4 group in the MtRecA-ADP-AlF 4 structure. On superposition the AlF 4 group is closer to the β-phosphate of the EcRecA-ATP model than to the γ-phosphate. Based on the homology to other P-loop-containing NTP-binding proteins, such as Ras-p21 (38) , eF-Tu (39) and rac1 (40) , the γ-phosphate of ATP was expected to be in contact with Gln194 and also in close proximity to Gln96 and Asp144 (7) . The model of the EcRecA-ATP complex indeed shows that the terminal phosphate group hydrogen bonds to the side chain of Gln194 NE2. In MtRecA one of the fluorines of AlF 4 also hydrogen bonds to the same side chain. However, if the square planar AlF 4 group is replaced by a tetrahedral phosphate group, the phosphate oxygen will not be able to make a good hydrogen bond with Gln194. ATP hydrolysis has been shown to be reduced to more than half in MtRecA compared to that in EcRecA (8) . The fact that binding itself is weakened in MtRecA, combined with the sub-optimal arrangement of residues in the binding pocket, accounts for this inefficient ATP hydrolysis. Loops L1 and L2 are thought to undergo a conformational change upon binding of ATP or its analogues (7) . However, the orientation of loop L1 in MtRecA-ADP-AlF 4 appears to be similar to that in the apo-MtRecA structure. Since there is no density for loop L2 in either structure, it is not possible to draw any inference about the nature of conformational changes in L2. Nonetheless, the structure of the MtRecA complex shows some changes in the post-L2 stretch (residues 211-215), as compared to the apo-MtRecA structure.
DNA binding, homologous recombination and DNA repair
Upon filament formation the molecules position themselves in such a way that the two surface loops L1 and L2 in all of them lie close to the axis of the helical filament. Several mutagenesis studies (41, 42) and the sheer geometry of the filament indicated that these loop regions are involved in DNA binding. Electron density for most of the first loop was clearly seen in both apo-MtRecA and MtRecA-ADP-AlF 4 crystals. His163, a well-conserved residue, which is the only basic residue in the loop, has its side chain oriented into the central groove such that it can interact with the phosphates of DNA. In EcRecA both the loops were totally disordered and could not be seen. The longer loop is also not seen clearly in the MtRecA structure. The structure of the nucleic acid-binding domain of bacteriophage T7 DNA helicase resembles that of the M domain of RecA protein (43) (176 C α atoms superimposed with a RMS deviation of 2.4 Å; 44). The helicase also has two loops corresponding to L1 and L2 of RecA. These loops are similarly positioned in the helicase domain and are implicated in DNA binding (43, 45) . The loops here too are disordered.
Although there is no direct structural evidence for L1/L2-DNA interactions, mutational studies, the conserved nature of the fold, positioning of the loops and conformational changes upon ATP/GTP binding all suggest that the loops play a crucial role in binding DNA. The study of DNA repair systems, of which RecA is a crucial component, has been of great interest in recent years and is likely to be particularly important in mycobacteria (46) . Although structures of some of the proteins involved in one or other pathways of DNA repair have been characterised (47, 48) , such information in mycobacteria is still very scant. Also, in bacteria the biological role of homologous genetic recombination is predominantly DNA repair under normal growth conditions. It has been shown by various biochemical studies that the RecA filament binds to LexA protein, where it functions as a co-protease to cleave LexA, which in turn derepresses the recA gene (49). Site-directed mutagenesis studies on EcRecA have shown that residues 229 and 243 (50) are involved in repressor binding and this is supported by the E.coli RecA crystal structure (13) . Residues 227-241 form a long surface loop. A portion of this loop was reported to be in an area of weak electron density in the EcRecA structure. In MtRecA, however, the loop lies in an area of well-defined electron density, deviating by ∼5 Å (maximum C α deviation) from its position in the EcRecA structure. There are several changes in this loop, including a charge reversal as compared to EcRecA at position 241 (Glu→Arg) and a change of Glu235 to Thr235. The implications of these changes are not clear at present, although the orientation of several hydrogen bonding groups on the surface of MtRecA appear to be more conducive to repressor binding.
CONCLUSIONS
The crystal structure of MtRecA confirms that the protein in the crystals polymerises into a filament, closely resembling that observed by electron microscopy for EcRecA. Given its need to bind long stretches of both single-stranded and doublestranded DNA, filament formation resulting in a deep groove capable of binding DNA appears to be essential for its function. It is indeed fortunate that the protein crystallises in space group P6 1 , compatible with the natural polymerisation mode. The structure of this aggregated state, therefore, is far more informative than that of the individual molecule. The filamentous structure of RecA further aggregates into bundles, mainly as a form for storage and as a mechanism to keep RecA inactive when not needed, which may have implications for the efficiency of recombination and random integration. It is also known that, unlike in yeast and many bacteria, mycobacteria promote a higher degree of illegitimate recombination (51, 52) . Modelling studies indicate the possibility of formation of active filaments without any substantial change in molecular conformation. The crystal structure of MtRecA complexed to ADP-AlF 4 reveals a widening of the P-loop binding pocket resulting in weaker binding. The structure, coupled with modelling studies, shows how the protein can adapt itself to result in weaker nucleotide binding and sub-optimal hydrolysis, despite all the residues in the binding site being invariant. This is achieved through variations in tertiary interactions of the binding site residues with their neighbourhoods. It is possible that such sub-optimal levels of binding and enzyme activity are a general feature in mycobacteria and may have some advantage for its survival in macrophages. The crystal structure of MtRecA reported here allows its exploitation as a drug target, especially because it has a central role in several processes crucial for bacterial survival. Finally, the crystal structure throws additional light on the biology of recombination in mycobacteria, which is crucial to design attenuated strains of the tubercle bacilli, required to produce an improved or robust vaccine.
